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DETERMINATION OF THE THERMAL CONDUCTIVITY, THE
SPECIFIC HEAT AND THE WEIGHT BY VOLUME (GROSS
DENSITY) OF INSULATIONS FOR ROCKET TANKS FILLED
WITH LIQUID HYDROGEN
PART I, DESCRIPTION OF MEASUREMENT PROCEDURE

B. Koglin and W.F, Zimni
Entwicklungsring Nord (ERNO), Bremen

ABSTRACT: Experimental research into insulating
foams at temperatures down to that of liquid hy-
drogen (20°K). 1In addition to a general study
of the insulation of tank walls for cryogenic
high-energy rocket states, a description is
given of various measuring methods of deter-
mining the thermal conductivity, the specific
heat and the density of insulating materials,
together with a comprehensive review of the lit-
erature.

1. Introduction

The development of high-energy fuel systems containing
H2/02 is associated with numerous technological and thermodynamic
problems. Liquid hydrogen, in addition to its high specific im-
pulise, is moreover characterized by unusual physical properties.
Its small density (P = 70 kg/m3) is the cause of a large tank
surface-to-unit-mass~-of-fuel ratio and this in turn, combined
with the low condensation temperature of 209K, leads to a high
heat dinput. This high heat-flux density induces the condensation
of air on the outer wall of noninsulated fuel tanks. The heat of
vaporization which is liberated during this condensation is
transferred to the hydrogen and induces such an intensive vapori-
zation that a noninsulated high-energy rocket stage is rendered
useless, It is for this very reason that it is necessary to in-
sulate such tank walls,

The weight of the thermal insulation, the vaporized fuel,
as well as the resulting added tank weight remain in a func-
tional interrelationship to one another and result in a loss of
useful payload. This payload loss in turn induces a drop in the
high specific impulse of liquid hydrogen.

*Numbers in the margin indicate pagination in the foreign
text.



Consequently, from the previous discussion we find that the Z§
thermal insulation of high-energy rocket tanks r e g u i r e s
following properties [17]:

1. low volume density;

2. low heat-conductance coefficient, also at temperatures
below the boiling point of air;

3. sufficient structural strength in order to withstand
aerodynamic loads;

4, sufficient elasticity at low temperatures.

Table I gives the properties of some important low-tempera-
ture thermal insulation materials. When high-energy fuel systems
were first developed, there existed only two types of thermal
insulation which satisfied the above-mentioned requirements,

These were the cork insulators and open-cell foams. The
open—cell structure has proved to be disadvantageous, in particu-
lar in the case of foams. Let the example of polyurethane foam
retrace the interesting development of insulators. The poly-
urethane foams have been appreciably improved by substituting for
CO2 fluorotrichloromethane (R 11) as the foaming agent [4, 19,
20, 34]. This substitution yielded the following advantages:

1. closed cells, Condensation of air on the tank wall is
thus to all intents and purposes impossible in the case of cracks
existing in the insulator layer;

2. higher resistance to diffusion. The concentration of
R 11 in the cells remains constant over a period of several
vears. The resistance to air diffusion is somewhat lower. How-
ever, it takes some weeks before a steady state is established
with the surrounding air;

3. higher structural strength;

L, lower heat conductivity. As smallcer wvolume densities
are obtained, the insulating effect remains good even after the
air has diffused in. By introducing an outer sealing layer which
would be characterized by a high resistance to diffusion, the
rush of air may be inhibited and the low heat conductance of the
heavier R 11 gas can then be utilized. For the sake of comparison
let us observe the following heat conductance coefficients at
20°C [197]:

Polyurethane foamed with 002, open cell:
A = 0.032 kcal/m*hr-deg

Polyurethane foamed with R 11, closed cells, immediately
after preparation:

A = 0.017 kcal/m+hr.deg
After diffusion of air, some weeks later: /9

A = 0.023 kcal/m+hr-deg



Taking into consideration the requirements that a thermal
insulator for rocket tanks must satisfy, under simplifying as-
sumptions, one can derive the following evaluation coefficient,
namely Kig = A:P, It is clear that an optimal insulation is con-
sidered to be one for which Kjg has the lowest value.

2. Determination of HeaE Conductance Coefficient

2.1. Choice of the determination method. The experimental
determination of the heat conductance coefficient of solids has
at its disposal a large number of various previously developed
processes which, broadly speaking, may be divided into two funda-
mental classes, namely those whose temperature distribution is
steady and those whose temperature distribution is not steady.
Nonsteady methods have the disadvantage that the temperature con-
ductance coefficient a = X-(c-p)'1 is measured so that in order
to determine the heat conductance coefficient we require the
knowledge of the specific heat ¢ and the density (when dealing
with porous media, the "bulk density"). This contrasts with the
utmost advantage of the short measurement times. Stationary
methods, on the other hand, yield the heat-conductance coefficient
directly, so that under comparable conditions greater accuracy
may be achieved. Long measurement times, which are the conse-
quence of the temperature equilibrium requiring hours or even
days to be attained, are the penalty for the advantages described
previously., In the following, therefore, we consider the latter
method.

We are only considering systems for which a simple solution
of the known Fourier differential equation is available, i.e.
plane parallel, infinite lamina (one-dimensional heat flux), in-
finitely long cylindrical tubesand solid spheres. However, as
many Jinsulators could be approximated only with difficulty to the
sphere or a tube, it appears that the lamina process is the best
one under the circumstances, especially as it had been compre-
hensively designed as per DIN 52612 ("Determination of Heat Con-
ductance using the Lamina Apparatus") and in the ASTM Designation
C 177-45 ("Standard Method of Testing for Thermal Conductivity.
of Materials by means of the Guarded Hot Plate"). The construc-
tion of a "two-plate" apparatus is shown in Fig. 1.

Two plate-like samples are placed symmetrically on each side
of a heated plate. Heat is abstracted from the outside surfaces /10
of the samples by means of cooling plates. In order to prevent
heat losses to the sides and in order to obtain a one-~dimensional
heat flux at the centers of the samples, the main hot plate is sur-
rounded by an auxiliary heating ring, whose heat output may be
regulated ipn such a manner that the inner ridge surface is at the
same temperature as the principalhot plate. When the cooling
plates are at an equal temperature, complete symmetry exists
with respect to the center plane and the heat flows at an equal
rate through the two plates investigated. The measurement of the
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(electrical) power input to the principal hot plate and the
measurement of the surface temperatures of the samples suffices
for the determination of the heat-conductance coefficient.

When using the one-plate method, the hot plate is screened
off at its underside by a counter heat hot plate. The heat out-
put of the counter hot plate is adjusted so that between it and
the principal hot plate there exists no temperature gradient. In
this manner the total heat abstracted from the main
hot plate is forced to flow through the sample. The experimental
set-up for the one-plate process is shown in Fig. 2.

The plate methods have been used repeatedly for the deter-
mination of heat conductances of thermal insulators at lower
temperatures [1, 17, 22, 4O, 64, 71, 847]. The ordinary process
may be used, without any difficulties, down to the temperature
of =-100°C but the water must be substituted for by another cool-
ing liquid, e.g. alcohol, propane or pentane. At still lower
temperatures, liquefied gases are vaporized on the cooling plate.
Since this gives little control over the vapor pressure, the tem-
perature of the cooling plate remains constant. A wvariation of
the mean temperature (which is the average temperature of the
two upper surface temperatures of the sample) is therefore only
possible by varying the hot-plate temperature. These difficulties
may however: be éircpmventéd when, instead of a liquid, a gas is
used, for example air, as the coolant,

. The Philips gas refrigerator which was at our disposal at
the Thermodynamiocs Institute allowed us, in a cold chest, to
maintain any temperature in the range between the amblent tem~
perature afd =1800C with an accuracy of +1°C., A small fan sucks
air out of the cold space and blows it against the cooling plate.
The temperature fluctuations which were caused by insufficiently
accurate temperature control of the cold space were compensated
for by ancillary heating in the air stream. The schematic ex-
perimental set-up is shown in Fig., 3.

The plate apparatus proper is shown again in Fig. 4. Since
the thermal insulator was to be tested also under reduced
pressure, due to lack of space particularly, only the one-plate
method could be considered. Consequently the regulation require-
ments became more stringent.

The cooling plate was made of brass and was about 18 mm /11
thick in order  to dampen residual temperature fluctuations and
to ensure uniform temperature on the side facingeg the

sample. Since the obstructed heat was of the order of magnitude of
1 watt, special cooling vanes on the air side were found to be
superfluous,

The diameter of the principal hot plate is 150 mm. According
to DIN 52612, the allowable sample thickness is to be between



5 and 14 mm. The hot plates which were 5 mm thick consisted of
two soldered copper piates (Fig. 5). The grooves of the thicker
plate contained miniature shielded heating elements made by
Philips. The counter hot plate was separated from the principal
hot plate by a layer of insulator, in order to keep the heat flux
small should a temperature gradient exist between them, and well
insulated at its upper side to avoid a heat loss in that direc-
tion. For the same reason the space between the plates and the
walls of the vacuum chamber was filled with a powder-like in-
sulator.

2.2, Measurement and Control Apparatus

2.,2,1, Additiomal temperature_control. As has
already been mentioned, the temperature of the air in the

cold space fluctuates by +1°9C. Without additional temperature
control, we would have to use a very thick cooling plate in
order that the temperature variations at the sample side of the
plate be brought down to a manageable magnitude. As this is
impossible, however, we have installed a regulator consisting of

a resjpstance thermometer and a bridge arrangement (thermistor with
sensor G of the Haake Co., Berlin) to c on t r o 1 this
ancillary heating (Fig. 6).

2.2.2. Plate heating. In order to achieve a constant
heat flux through the sample, we require mnot only a constant
surface temperature of the sample on the cooling side but also a
constant surface temperature on the heating side. In order to
ensure this, the power to the principal hotplate is obtained from
a direct current stabilizer (Philips direct current power supply
PE 4803) which is able to maintain a set required DC voltage with

an accuracy of 10.1%. The heat output is wmeasured by a light
spot power meter ( class 0.1, Hartmann and Braun Co.) (Fig. 7); /12

for very low heat outputs this may probably be replaced
by an ordinary current-voltage measurement.

The same power supply feeds the auxiliary and counter heat—
ers. Here,however, we need a special regulator since, as already
mentioned, between the principal hot plate on the one hand and
the counter- and the auxiliary hot plate on the other, the
temperature gradient in the worst case is only allowed to be very
small. In order to ensure that this is indeed so, we measured
the temperature difference between the outer surfaces of the
plate by means of several thermocouple elements in series (Fig. 8)
which were connected to a very sensitive light spot galvanometer
which in turn activated a photoelectric relay in order to turn on
or off a small part of the heating system. (Fig. 7 shows
only the regulation apparatus for the auxiliary heating.)

2.2.3. Temperature measurement. The temperature dif-
ference between the hot and the cold sides of the sample plate,
which is of special importance for the final result, was also




determined by means of thermocouple elements. Our indicator,
principally, was a voltmeter with a built-in transistor amplifier
having a measurement accuracy of 0.2% (Knick Co., Berlin).

2.2.4. Vacuum. We also plan to investigate the heat
conductivity of a thermal insulator at various vacuum pressures.
Sporadic, accurate measurements of pressure were made using a
vacuometer like the one used by Kammerer.

The indicator was the Thermotron IT (Leybold Co.). Simul-
taneously, using an auxiliary Torrostat and a solenoid wvalve, we
controlled the pressure in the receiver (Fig. 9).

2.2.5. Recording. 1In order to record all the impor-
tant measurement and control wvalues, we used a 12-color
compensation dot printer (Kompensograph P 288 x 288, Siemens
Co.). Due to an advanced automation of regulation loops and be-
cause of the above-mentioned recorder, in spite of the long dura-
tion of experiments, demands on personnel were reduced to a mini-
mum,

3. The Mechanism of Heat Transport in Thermal Insulators /13
in Light of the Conducted Experiment

The heat conductivity of porous thermal dinsu=
lators is a function of contributions due to radiation A
(strahlung), conductance in solids Ay (fest), gas convection Ac
and conductance in gas Ag [56].

The contribution of radiation when dealing with thin layers
of insulation can assume appreciable magnitude. The radiation
properties of the cooling and thehot plate are of utmost import-
ance for the results of the experiment. In general, in compliance
with prevailing physical conditions, emissivities of € =~ 0,85 are
recommended. As in our case, when working with aluminum we may
take € = 0,05 as an insulation limiting value, this fact is to be
taken into consideration while performing our experiment. By
varying the thickness of the insulator sample, we are able to
achieve the same radiation properties as in [55].

The heat conductance in solids is relatively low. Without
taking much trouble it may be checked by filling the insulator
with various gases or by evacuating it when using an open cell
material. Heat transport by convection becomes appreciable only
when the material contains large pores or when there are large
temperature gradients and in most cases it may be neglected.

Most important for heat transport is the contribution of
heat transfer in gas. By filling the insulators with heavy gases
(for example R 11, see above) one may cut dewn pn heat transfer,
On the other hand, one may attempt to set the dimensions of the
spaces occupied by gas to be smaller than the mean free path of
the gas molecules or to increase the mean free path by lowering
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the pressure.

4, Determination of Specific Heat

As was the case with the determination of heat conductivity
here too, two fundamentally distinct methods are available to us.

It would appear that the specific heat may be determined
by using the well-known wmethods. Since, however, when dealing
with thermal insulators the temperature equilibrium is established/14
only after an appreciable lapse of time, special measures have to
be adopted [90, 92]. One method available to us is to pulverize
and compress the sample under high pressure dinto a pill and then
to determine its heat capacity in a metal calorimeter. One may
also use a rotating drum as a calorimeter where the temperature
equilibrium is achieved by means of a continual mixing of the
powdered insulator material.

The other method is a nonstationary process (see above)
which is also especially advantageous, because when required to
compute the heating curve of the rocket skin as time goes on,
we are first of all mostly interested in the temperature coeffi-
cient. There are a number of different methods [73, 74, 79, 85]
among which the so-called '"nonstationary plate process" seems to
be the most useful. The sample, in this process, is imbedded
between two hot plates which then suddenly are heated. From the
graph showing temperature at the center of the sample vs.
time, we are able to find the temperature conductivity.

5. Determination of Volume Density (Bulk Densitvy)

The volume density is determined hyv weighing and de mina-
tion of the volume. When dealing with samples with fairly smooth
and regular surfaces, we can determine the volume with sufficient
accuracy by measuring the dimensions of the sample. For very
small samples a volumometer may be used. Of considerable im-
portance for the determination of bulk density (as well as heat
conductivity) is the moisture content of the samples. In order to
achieve comparable results, only dry samples could be investi- /17
gated. According to DIN 52612, the drying should take place in
an oven at 1059C or when using sensitive materials in a desiccator.
In order to dry some P,05 we used a vacuum desiccator.

T+ avm
v

6. Summary

To determine the h e a t conductivity of thermal insu-
lators and insulator materials of comstruction, we have found the
"one-plate" process especially advantageous., The design and the
description of the operation of the +testing s y s t e m are
restricted to experiments in a temperature range from 100°K +to
3000K. When the investigation temperature range was extended down
to 209K, a new testing un i t had to be developed for




that purpose, but the principle of measurements remained un-
changed.
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Table IT: Kev to Headings
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bending, according to DIN 53423 (kp-cm <)
notch, according to DIN 53453 (kp-cm-z)
shear, according to DIN 53422 (kp'cm—z)
E~-modulus from bending test (kg-cm—z)

compression, according to DIN 53421 (kp'cm—z)

tension, according to DIN 53571 (kp-cm =)

foam material designation

range of bulk density (kp-m-B)

applicable temperature range (OC)

heat conductance = f (mean temperature) (kcal-1hr-1°C_1)

range of heat conductance (kcal—1hr—1°C—1)
specific heat at 0°C (kcal-kg~ oc™')

mean thermal expansion coefficient

bulk density * heat conductance

per cent water-vapor intake (Vol. %)
water-vapor/diffusion~resistance coefficient
pore size (mm)

pore structure
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